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Abstract

Cardiac myocytes are the cells responsible for the robust ability of the heart to pump
blood throughout the circulatory system. Cardiac myocytes grow in response to a
variety of physiological and pathological conditions; this growth challenges endoplasmic
reticulum-protein quality control (ER-PQC), a major feature of which includes the
unfolded protein response (UPR). ER-PQC and the UPR in cardiac myocytes growing
under physiological conditions, including normal development, exercise and pregnancy,
are sufficient to support hypertrophic growth of each cardiac myocyte. However, the ER-
PQC and UPR are insufficient to respond to the challenge of cardiac myocyte growth
under pathological conditions, including myocardial infarction and heart failure. In part,
this insufficiency is due to a continual decline in the expression levels of important
adaptive UPR components as a function of age and during myocardial pathology. This
chapter will discuss the physiological and pathological conditions unique to the heart that
involve ER-PQC, and whether the UPR is adaptive or maladaptive under these
circumstances.
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1 Introduction

In most cells, including those comprising the heart, the rough endoplasmic reticulum
(ER) serves as the location for the synthesis of most secreted and membrane
proteins(Palade and Siekevitz 1956; Reid and Nicchitta 2012). This accounts for at least
35% of all proteins, emphasizing the importance of ensuring the quality of these
proteins. In the heart, a number of pathological conditions including ischemia,
ischemia/reperfusion and hypertrophic myocyte growth can place high demands on the
ER protein-folding machinery and, in some cases can cause ER stress (Glembotski
2007; Minamino and Kitakaze 2010) (Fig. 1A), which impairs ER protein folding and
leads to activation of the unfolded protein response (UPR). As in other tissue types, the
UPR in the heart, which comprises the ER protein quality control (ER-PQC) system,
consists of three major branches that are mediated be the ER-transmembrane sensors
of ER-misfolded proteins, PERK, IRE-1 and ATF6 (Fig. 1B-D), each of which transduces
the signal initiated by SR/ER protein misfolding to downstream events(Glembotski 2007,
2008; Doroudgar and Glembotski 2013b). The ER-PQC is responsible for ensuring that
proteins made in the ER are properly folded and correctly modified post-translationally,
for example by glycosylation or disulfide bond formation, before they are permitted to the
leave the ER on the way to their eventual target destinations(Walter and Ron 2011;
Gardner et al. 2013). Proteins that do not pass ER-PQC are not permitted to move on,
and instead are translocated back out of the ER lumen and subjected to proteasome-
mediated degradation in a process called ER associated degradation, or ERAD
(Plemper and Wolf 1999; Pisoni and Molinari 2016) (Fig. 1E). Acute activation of PERK,
IRE-1 and ATF®6 leads to restoration of ER protein folding and cell survival. However, in
the event that ER protein folding is not restored, the UPR remains activated, and this
chronic activation leads to initiation of cell death. While the precise mechanisms
responsible for switching the UPR from adaptive to maladaptive are not well understood,
it is apparent that, if activated chronically, each branch of the UPR can lead to initiation
of death pathways. Temporal changes in the UPR gene program are likely to be at least
partly responsible for the transition of the UPR from adaptive to maladaptive(Walter and
Ron 2011; Hetz et al. 2015; Ryoo 2016). In the heart it is apparent that prolonged
activation of the UPR leads to decreased expression of adaptive UPR gene products,
such as ER chaperones and protein disulfide isomerases, and increased expression of
pro-death UPR gene products, such as C/EBP homologous protein (CHOP), which can
contribute to the switch of the UPR from adaptive to maladaptive (Sano and Reed 2013;
Li et al. 2014; Ryoo 2016). Targeted gene deletion studies, which are discussed in the
last section of this review, have shown that PERK is adaptive in the heart (Fig. 1B), and
is required for optimal cardiac function in models of myocardial disease, while CHOP,
which lies downstream of PERK, is maladaptive (Fig. 1F). Additional studies have
shown that the UPR-regulated transcription factors XBP1s and ATF6 serve novel
adaptive roles in the heart by inducing genes required for cytosolic protein O-
GIcNAcylation (Fig. 1G) and an array of about 400 UPR gene products (Fig. 1H),
respectively.

2 ER-protein Quality Control in Cardiac Myocytes

Heart disease includes both vascular and cardiac diseases. Vascular diseases, such
as atherosclerosis, affect blood vessels and blood, while cardiac diseases affect the
heart muscle, or myocardium and impair its ability to efficiently propel blood to organs
and tissues. While ER-PQC, ER stress and the UPR have been studied extensively in
the setting of vascular diseases(Zhou and Tabas 2013; Ilvanova and Orekhov 2016),
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until relatively recently, these topics have attracted less attention in studies of the
myocardium. Among the possible reasons for this are the lack of appreciation of the
importance of the ER as a site of protein synthesis in cardiac myocytes, as well as the
relatively ill-defined location and function of the ER protein synthetic machinery in
cardiac myocytes. Contributing to these reasons is the complicated structure of the ER
in cardiac myocytes, most of which comprises the sarco/endoplasmic reticulum (SR), a
specialized form of the ER that surrounds the contractile elements of myocytes, and is
recognized primarily for its roles in the regulated release and storage of the calcium that
underlies contraction and relaxation, respectively, in a process called contractile calcium
handling (Fig. 2A) (Bers 2002, 2008; Sobie and Lederer 2012). In addition to the SR,
there is a peri-nuclear ER that is structurally contiguous with the SR and as in most
cells(Franke 1977), in cardiac myocytes appears to have the molecular machinery
necessary for the synthesis of secreted and membrane proteins (Fig. 2B)(Nakayama et
al. 2010). What remains unknown is t the extent of overlap between the SR and ER in
terms of contractile calcium handling, and secreted and membrane protein
synthesis(Glembotski 2012; Millott et al. 2012; Groenendyk et al. 2013). Although there
have been few studies that directly address these unknowns, it appears as though both
the ER and SR of cardiac myocytes have some of the molecular machinery usually
identified with secreted and membrane protein synthesis (Fig. 2C) and quality control,
such as the ER chaperone GRP78, consistent with a possible role for the SR in the
synthesis of secreted and membrane proteins. It also appears as though the calcium
stored within the peri-nuclear ER of cardiac myocytes may be released into the nucleus
(Fig. 2D), perhaps in coordination with contraction and each depolarization
event(Ljubojevic and Bers 2015). Moreover, in contrast to SR calcium, ER calcium in
cardiac myocytes can also be released in an IPs-dependent manner, somewhat like
other cells types; this IPs-sensitive calcium pool may facilitate cell surface receptor
regulated events in cardiac myocytes that rely on the local release of calcium that does
not drive contraction (Fig. 2E)(Nakayama et al. 2010). Thus, there seems to be some,
but not complete overlap in ER and SR function.

Cardiac myocytes comprise the major mass of the myocardium(Zak 1974; Banerjee
et al. 2007), where they are responsible for contraction and the movement of blood
throughout the body. Therefore, conditions that impair cardiac myocyte contraction, such
as those that affect contractile calcium handling, or the ability of sarcomeres to generate
force can be life threatening. The left ventricle (LV) is the largest chamber of the heart
and is the main pump that supplies all organs and tissues with oxygenated blood.
Because of its dominant role as a pumping chamber, diseases that affect LV function
have widespread impact and can be life threatening. Therefore, most studies of the heart
focus on the structure and function of the myocytes that comprise the LV, with a
particular emphasis on sarcomeric proteins and SR calcium handling, and less focus on
the synthesis of secreted and membrane proteins in the ER. This is surprising,
considering that many membrane and secreted proteins required for proper cardiac
contractility and endocrine/paracrine function are made in the ER(Glembotski 2012). It
is interesting to note that atrial myocytes, which are less critical for propelling blood than
ventricular myocytes, are distinct from ventricular myocytes, since they are professional
secretory cells, responsible for the production of the hemodynamic hormone, atrial
natriuretic peptide(de Bold 2011). Relatively recent studies demonstrating that, in
addition to ER-targeted proteins, proteins bound for other locations are also translated
on ER ribosomes, coupled with the finding that ER ribosome translation is more efficient
that free ribosome translation(Reid and Nicchitta 2012, 2015) have spawned new
interest in determining roles for ER-PQC and the UPR in cardiac mycoytes under
physiological and pathological conditions. A number of conditions can arise in cardiac
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myocytes that can affect ER-PQC, including decreased ER/SR calcium and the
generation of reactive oxygen species (ROS), both of which occur during a number of
cardiac pathologies(Kranias and Bers 2007; Ward et al. 2014). However, when it comes
to the UPR, one often-overlooked condition that may challenge the ER-PQC in health
and disease is cardiac myocyte growth(Glembotski 2014; Doroudgar et al. 2015b).

3 Physiological Conditions that Challenge the ER-PQC in Cardiac Myocytes

Because of the increased protein synthesis, and thus, protein folding demands
during growth, PQC in the ER and elsewhere are of great importance in cardiac
myocytes during physiological and pathological growth of the heart(Shimizu and
Minamino 2016). The heart is a very plastic organ(Hill and Olson 2008), and there are
numerous conditions under which cardiac myocytes exhibit dramatic changes in number
and size, beginning with development(Heineke and Molkentin 2006). The embryonic
myocardium grows mostly by the rapid division of relatively small cardiac myocytes, or
hyperplasia. This process is depicted for the LV in Figure 3A. However, soon after birth,
within 7-14 days in mice, the replicative capacity of cardiac myocytes decreases
dramatically; thus, during most of post-natal development, when the heart increases in
size to meet the demand for circulating greater volumes of blood, myocardial growth is
primarily the result of increased cardiac myocyte size, or hypertrophy (Fig. 3B). During
both of these growth phases it is essential that the protein-folding machinery in cardiac
myocytes, including the ER-PQC system, have the capacity to meet the demands placed
on it by increased protein synthesis. Thus, we posited that the UPR contributes
significantly to the PQC machinery that supports hyperplasic and hypertrophic cardiac
myocyte growth. Consistent with this hypothesis is the finding that expression of
numerous UPR genes is relatively high in the neonatal and juvenile rodent heart,
compared to the adult heart, when cardiac myocyte growth has ceased(Doroudgar et al.
2015a; Taylor 2016). Moreover, neonatal and juvenile mouse hearts exhibit a robust
adaptive UPR, which is much weaker in the adult mouse heart. It is precisely this
decrease of UPR gene expression in the adult heart that poses a potential problem in
the event that cardiac myocyte growth is reinitiated, depending on the stimulus for that
growth.

There are also physiological conditions under which cardiac myocytes resume
growth in the adult, including exercise and pregnancy(Hill and Olson 2008; Shimizu and
Minamino 2016). Under these conditions myocardial growth is adaptive, resulting in
increases in the ability of the LV to pump blood to meet the new demands for increased
blood flow. During both exercise and pregnancy, myocardial growth is hypertrophic (Fig.
4). In this case, as with myocardial growth during development, myocytes grow in
diameter more than in length, a process that is called concentric hypertrophy(van Berlo
et al. 2013). Myocardial growth during exercise and pregnancy is reversible and does
not lead to a pathological growth of the myocardium(Wasfy and Weiner 2015; Roh et al.
2016). Finally, while it is not well studied, the increased myocyte size during exercise
and pregnancy is associated with increased protein synthesis(Catalucci et al. 2008; Li et
al. 2012; Chung and Leinwand 2014) and thus would be expected to increase the
demands on protein folding machinery in the ER, as well as in the cytosol; however, it is
evident that the UPR in the adult heart is sufficient to meet the demands of increased
protein synthesis, because under these conditions, there does not appear to be any
myocyte death. Therefore, since this growth is limited in extent and time, and since the
signal transduction initiated during physiological growth differs significantly from that
during pathological growth(Maillet et al. 2013; van Berlo et al. 2013; Lerchenmuller and
Rosenzweig 2014), it appears as though physiological growth of the adult myocardium
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does not pose a challenge to the ER-PQC machinery. However, the impact on the ER-
PQC may be different wunder conditions of growth during myocardial
pathology(Glembotski 2014).

4 Pathological Conditions that Challenge the ER-PQC in Cardiac Myocytes

Diseases that affect the myocardium can be genetic or environmental. For example,
mutations(Burke et al. 2016; Wilsbacher and McNally 2016), certain drugs, such as anti-
neoplastics(Lee 2015; Molinaro et al. 2015), and pathogens(Fung et al. 2016; Yajima
and Knowlton 2009) can affect sarcomere structure and impact contractile function to the
point where LV pump action is severely impaired, leading eventually to heart failure and
death (Fig. 5A). Although less common than mutations in sarcomeric proteins, mutations
in calcium handling proteins and ion channels can lead to arrhythmias as well as
contraction deficits that can contribute to sudden death, cardiac arrest and, in some
cases heart failure(Bezzina et al. 2015; Wagner et al. 2015; Curran and Mohler 2015;
Vatta and Ackerman 2010). In many of these cases, expression of UPR components is
upregulated, although it is currently unclear as to whether this upregulation is a cause or
a consequence of the myocardial defect(Liu and Dudley 2015).

Diseases that affect the myocardium can also develop as a result of injuries, such as
myocardial infarction (MI) (Fig. 5B). In many cases, MI is the result of insufficient
coronary blood flow to the myocardium, which is sometimes a consequence of
atherosclerosis. This insufficient flood flow causes a lack of oxygen and nutrients, i.e.
ischemia, that can eventually lead to death of the affected myocardium(Frangogiannis
2015). Surrounding the infarcted myocardium is the peri-infarct region, or border zone, in
which the myocytes remain viable, but are stressed, due to the near lethal ischemia. In
border zone myocytes, markers of the UPR are increased, and it is possible that these
genes encode proteins that increase the survival of cardiac myocytes in the border zone.

Since, the damaged myocardium in adults cannot be regenerated, Ml damage is
essentially permanent, and can set in motion a pathological remodeling of the heart that
can lead to serious functional impairment, culminating eventually in life threatening heart
failure(Rosenzweig 2012). Heart failure afflicts about 6 million people(Roger et al. 2012)
and is the single most common discharge diagnosis in those over 65(DeFrances and
Podgornik 2006). Moreover, the disease is especially sobering because the limited
regenerative capacity of the myocardium, coupled with the current absence of an
effective therapy for the disease, leave heart transplant as the only cure. In the early
stages of heart failure the myocardium grows by concentric hypertrophy by a processes
called hypertrophic cardiomyopathy, or HCM (Fig. 6A). In addition to MI, hypertension
can also initiate HCM(Hoenig et al. 2008). In contrast to physiological hypertrophy, which
stops when optimal benefit is obtained, this pathological hypertrophy, which is caused by
a concentric growth of cardiac myocytes, does not resolve(van Berlo et al. 2013; Hill and
Olson 2008; Frey et al. 2004). Initially, HCM is thought by some to be compensatory,
providing for sustained, perhaps even improved LV function. However, as the
myocardium remodels, this HCM often transforms into dilated cardiomyopathy (DCM), a
condition associated with a decrease in myocyte numbers and an eccentric hypertrophy
associated with the elongation of cardiomyocytes, in the absence of a compensating
increase in diameter (Fig. 6B). This chamber dilation, associated with a severe
weakening of the LV muscle, leads to decreased LV blood ejection and ultimately, to life-
threatening heart failure (HF)(Lazzeroni et al. 2016).

While ER-PQC is compromised in ischemic heart disease and hypertrophic
cardiomyopathy, where misfolded proteins accumulate within cardiac myocytes, it is
underappreciated that cardiac pathology can also stem from accumulation of misfolded
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proteins in the extracellular space(Shi et al. 2010). In cancer patients diagnosed with
light chain amyloidosis, clonally expanded plasma cells secrete amyloidogenic light
chains that misfold in the circulation(Cooley et al. 2014). These circulating amyloids
aggregate into soluble proteotoxic oligomers, forming amyloid fibril deposits
predominantly in the heart. This leads to impaired myocyte contractility, myocyte
oxidative stress, and ultimately, myocyte death. Patients diagnosed with this disease
typically cannot tolerate standard treatments meant to preserve cardiac function during
heart failure, including p-adrenergic receptor blockers, angiotensin converting enzyme
inhibitors, and digoxin(Meier-Ewert et al. 2011). Another form of cardiac amyloidosis is
familial atrial fibrillation, in which the electrical conduction system of the heart,
specifically in the atria, is disrupted by deposition of mutant amyloidogenic forms of
transthyretin and atrial natriuretic peptide, secreted by the liver and the atria,
respectively(Hodgson-Zingman et al. 2008). Patients with dilated cardiomyopathy
stemming from cardiac amyloidosis and atrial fibrillation patients do not tolerate standard
arrhythmia treatments. In heart failure patients diagnosed with light chain cardiac
amyloidosis, cancer remission coincides with improved cardiac function(Meier-Ewert et
al. 2011), suggesting that stemming the production of amyloidogenic proteins may be a
therapeutic approach to treating cardiac pathologies resulting from compromised protein
quality control in the extracellular space. Interestingly, it has been shown that activation
of the UPR increases expression and secretion of a subset of chaperones that prevent
aggregation of misfolded proteins in the extracellular space(Genereux et al. 2015).
Additionally, it has been shown that stress-independent activation of the UPR can
prevent secretion of amyloidogenic light chains while not affecting secretion of non-
amyloidogenic light chains(Cooley et al. 2014). Given that the activation of the UPR can
also attenuate oxidative stress-mediated myocyte death, the UPR can be therapeutically
targeted to treat forms of heart disease where proteotoxicity occurs from outside of the
cell.

5 Experiment Methods and Models for Studying ER-PQC in Cardiac Pathology

For the most part, the relationship between cardiac pathologies and the UPR has
been examined in several models, including primary cultures of cardiac myocytes and
hearts of genetically modified mice. In these model systems there are several
maneuvers that are accepted as mimics of heart disease in humans. For example,
cultured cardiac myocytes can be subjected to conditions that simulate those in the
ischemic heart, i.e. oxygen and glucose deprivation. But even more clinically relevant is
subjecting cultured cardiac myocytes to simulated ischemia followed by reperfusion
(I/R), which is meant to mimic the clinically relevant scenario the heart of an Ml patient
might experience upon reopening of a blocked coronary vessel by angioplasty(Webster
et al. 1995). Cardiac myocyte damage and viability are impacted during both ischemia
and reperfusion, with reperfusion damage being caused primarily by reactive oxygen
species (ROS) (Chen and Zweier 2014). Finally, in some cultured cardiac myocyte
models, hypertrophic growth of myocytes can be induced with growth promoters, such
as a-adrenergic receptor agonists, which mimic some aspects of pathological
growth(O'Connell et al. 2014). However, each of these cultured cell models have
limitations. For example, due to technical reasons, hypertrophic myocyte growth is
studied in cultured neonatal rat cardiac myocytes, which has limitations because, at this
stage of development cardiac myocytes are much more plastic and able to exhibit
growth in ways that do not replicate the growth observed in the adult rodent heart(Louch
et al. 2011).
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As important as cultured cell models are for examining molecular mechanisms, more
relevant to human pathology are mouse models in which heart disease can be studied in
vivo. Three surgical mouse models of myocardial heart disease are commonly used to
mimic ischemia, ischemia/reperfusion and pathological hypertrophy; they are myocardial
infarction (MI), ischemia/reperfusion (I/R) and transaortic constriction (TAC),
respectively(Abarbanell et al. 2010). MI surgery involves permanent ligation of the left
anterior descending coronary artery (LAD), which is the artery most commonly blocked
in patients suffering from an MI. I/R surgery involves ligating the LAD the same manner
as MI surgery, but for only about 30 min, followed by release and subsequent
reperfusion. TAC surgery involves a partial restriction of the aorta, which increases the
pressure against which the ventricle must work to expel blood, thus mimicking
hypertension. Following these surgical procedures, cardiac function can be examined
several ways, but the most widely used non-invasive approach is echocardiography. The
effect of each of these surgeries on cardiac structure is generally examined in post-
mortem histological examination of hearts for myocyte size and number, as well as
apoptosis and gene expression.

6 Studies of ER-PQC in Cardiac Pathology

While there have been numerous reports of how various mouse models of heart
disease effect changes in UPR gene expression, such reports are of limited impact to
our understanding of whether and how the UPR contributes to, or is a result of cardiac
pathology. Instead, more revealing are mouse models in which specific genes of interest
have been overexpressed, knocked down or out in the heart, which allows a more
reliable interrogation of the effects of gain- or loss-of-function of known master regulators
of the UPR on cardiac structure and function in response to models of heart disease.
Accordingly, instead of compiling many studies that demonstrate a correlation between
heart disease and the UPR, in the following section, a few of the highest impact studies
that more clearly establish cause and effect between the UPR and heart disease are
summarized. These studies have been categorized by which major branch of the UPR
has been examined.

6.1 PERK/CHOP

The major downstream effect of activating the PERK branch of the UPR is elF2a
phosphorylation on serine 51, which attenuates global translation but increases
translation of the transcription factor, ATF4 (Fig. 1B). Upon prolonged activation of the
UPR, ATF4 increases expression of the pro-apoptotic transcription factor, C/EBP
homologous protein (CHOP)(Malhotra and Kaufman 2007; Ron and Walter 2007). Since
apoptosis is a major contributor to the decline in cardiac function observed during heart
failure and other cardiac pathologies(Foo et al. 2005), and since CHOP expression is
increased in experimental models of heart disease(Okada et al. 2004), several studies
have focused on the effects of CHOP gene deletion in the mouse heart.

In genetically modified mice in which CHOP has been deleted in all tissues, i.e.
global knockout, in the setting of Ml it was shown that compared to WT mice, CHOP KO
mice exhibited increased death; however, the mice that survived had increased
pathological hypertrophy of the LV, but no significant change in cardiac function or
fibrosis(Luo et al. 2015). These results suggested that CHOP deletion does not
negatively effect cardiac structure and function during permanent occlusion of the LAD,
which is not usually associated with significant increases in apoptosis, leaving
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unanswered the question of whether CHOP contributes to apoptosis in the diseased
heart.

The effect of CHOP on apoptosis in the diseased myocardium was examined in a
different study in which the same line of CHOP KO mice was subjected to I/R
surgery(Miyazaki et al. 2011), a maneuver known to increase apoptosis in the heart. In
that study, it was shown that CHOP deletion decreased infarct size by decreasing
apoptosis, as well as decreasing myocardial inflammation. In the same study, a
mechanistic examination in mouse hearts and in cultured cardiac myocytes showed that
in WT cardiac myocytes, the ROS generated upon simulated reperfusion activated
CHOP, which induced apoptosis and inflammation gene expression.

Since CHOP is increased in heart failure, a study designed to examine the effects of
CHOP in the hearts of mice subjected to TAC, which induces heart failure, also used the
same line of CHOP KO mice(Fu et al. 2010). In that study it was found that the CHOP
KO mice exhibited reduced signs of heart failure after TAC surgery, including reduced
hypertrophy, myocyte size, myocyte apoptosis, lung weight and cardiac fibrosis,
compared to WT mice. These results suggested that CHOP contributes to UPR-
mediated apoptotic myocyte death and, therefore, is responsible for at least a portion of
heart failure in this model of hypertension.

The effects of PERK deletion have also been examined in the mouse heart(Liu et al.
2014). However, since global deletion of PERK causes mouse growth retardation, this
study examined the effects of deleting PERK specifically in cardiac myocytes using a
conditional gene targeting approach. In this study it was found that under non-stress
conditions, PERK deletion had no effect on mouse heart structure and function.
However, in a TAC model of heart failure, compared to WT mice, PERK KO mice
exhibited decreased cardiac function, as well as exacerbated LV fibrosis and myocyte
apoptosis. These findings indicate that PERK is required to protect the heart from
pressure-overload induced heart failure. Taken together, these studies indicate that the
in the heart, the PERK branch of the UPR moderates the damaging effects of TAC-
induced heart failure, so in that regard PERK is in some way protective. While the effects
of PERK deletion on MI and I/R have not yet been studied, it is apparent that the
apoptotic effector of the PERK branch of the UPR, CHOP, exacerbates the TAC-induced
heart failure, as well as I/R damage in the mouse heart.

6.2 IRE-1/XBP1

One of the major targets of IRE-1 is the transcription factor, XBP1. When activated
by ER stress, the endonuclease activity of IRE1 promotes the splicing or the mRNA
encoding XBP1 from a form encoding an inactive protein, to one encoding an active
transcription factor, spliced XBP1, XBP1s(Groenendyk et al. 2013). In mouse hearts
ischemia activates the UPR and increases the formation of XBP1s, which protects from
I/R damage of cardiac myocytes(Thuerauf et al. 2006). Moreover, I/R increases protein
O-GIcNAcylation in the hearts of mice subjected to I/R, in vivo, and O-GIcNAcylation
decreases I/R damage in mouse hearts(Ngoh et al. 2011). In a study of the effects of
XBP1 gain- and loss-of-function in cardiac myocytes of mice, it was shown that XBP1,
protects mouse heart from I/R damage by transcriptionally inducing key genes in the
pathway responsible for the biosynthesis of hexoses required for protein O-
GlcNAcylation(Wang et al. 2014). Interestingly, O-GlcNAcylation in the heart is not
always protective. For example, in models of Type Il diabetes, O-GIlcNAcylation has
been shown to increase cardiac, dysfunction(Dassanayaka and Jones 2014), partly
through the O-GlcNAcylation and hyperactivation of CaMKII, which deleteriously affects
myocardial contractility(Erickson et al. 2013).
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6.3 ATF6

ATF®6 is activated, and many of its downstream target genes are induced in a variety
of cardiac pathologies, including those induced in mice by MI, I/R and TAC(Glembotski
2014). Moreover, acute conditional activation of ATF6 in mouse hearts protects the heart
from I/R damage(Martindale et al. 2006). It has been known for some time that in the
absence of ER stress, the ER-resident chaperone, GRP78 can bind to, and anchor
ATF6 in the lumen of the ER(Shen et al. 2002). Upon ER stress, GRP78 releases its
stronghold on ATFB6, allowing it to leave the ER and translocate to the Golgi, where it is
cleaved by S1 and S2 proteases to generate its transcription active form(Ye et al. 2000).
However, a recent study showed that thrombospondin 4, a component of the
extracellular matrix that is made and folded in the ER lumen, serves an escort role by
binding to, and facilitating the movement of ATF6 from the ER to the Golgi(Lynch et al.
2012). In this study it was shown that even in the absence of ER stress, ATF6
translocates from ER to Golgi upon overexpression of thromspondin 4 in the heart, while
thrombospondin 4 deletion decreases this translocation. Moreover, thrombospondin 4
gain- and loss-of-function in the heart decreased or increased, respectively, the damage
in mouse hearts subjected to MI surgery. Thus, during secretion thrombospondin 4
functions as an escort for ATF6 relocation from the ER to the Golgi, and then after it is
secreted (Fig. 1D escort), thrombospondin 4 plays a second role as an extracellular
matrix protein. As a result of this study, it has been hypothesized that thrombospondin 4
competes with GRP78 for binding to ATF6, and that while GRP78 cloaks the Golgi
localization sequence on ATF6, by displacing GRP78, thrombospondin 4 reveals this
sequence, thus facilitating ATF6 translocation(Doroudgar and Glembotski 2013a). In
other studies it was shown that, in the mouse heart acute activation of ATF6 induces
about 400 genes in cardiac myocytes, some of which were not previously known to be
ATF6 ER stress-inducible genes, and have subsequently been shown to participate in
the adaptive gene program regulated by ATF6 in the mouse heart upon MI, I/R or
TAC(Belmont et al. 2008). Recently, it was shown that, compared to WT mice, ATF6
KO mouse hearts exhibit greater I/R damage, decreased function, and increased
apoptosis and necrosis compared(Jin et al. 2016). In this study it was shown that the
expression levels of numerous oxidative stress response genes were decreased in ATF6
KO mouse hearts, identifying many of them for the first time as ATF6-inducible, ER
stress response genes. Interestingly, the ATF6-dependent oxidative stress genes in the
mouse heart encode antioxidant proteins that reside in outside of the ER, demonstrating,
for the first time that ATFG6 links ER stress and oxidative stress response pathways, thus
explaining a mechanism by which acute activation of ATF6 can mitigate I/R damage in
the heart, which is caused mainly by ROS generation in mitochondria.

7 Conclusions

Secreted and membrane protein synthesis in the ER is of critical importance to
normal cardiac myocyte contractile function; however, the processes that oversee and
govern the quality of secreted and membrane protein synthesis in cardiac myocytes
have been unappreciated and, therefore, unstudied until relatively recently. The ER-PQC
and UPR in cardiac myocytes appear to be robust and able to meet the challenges of
ER protein synthesis and folding during physiological growth of the heart. However,
during pathologies that can also initiate myocardial growth, especially in the adult, the
adaptive ER-PQC and UPR in cardiac myocytes is insufficient, leading to accumulation
of proteotoxic, terminally misfolded proteins, aggregate formation and eventual

10
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impairment of cardiac myocyte contractile function and heart failure. Emerging areas of
interest in the field include determining what is different about physiological and
pathological cardiac myocyte growth in terms of ER-PQC and the UPR, in hopes of
designing therapeutic approaches to decrease myocyte death and loss of LV function
during pathology. One clear area of interest has been spawned by the finding that the
expression levels of essential components of the adaptive UPR machinery decrease as
a function of age, while the propensity for developing cardiac pathology increases as a
function of age. This finding has led to the exploration of therapeutic approaches aimed
at enhancing the adaptive UPR in the aged, pathologic heart in hopes of improving the
synthesis, folding and trafficking of secreted and membrane proteins in ways that are
anticipated to enhance cardiac myocyte contractility and reduce the progression to heart
failure.

Figure Captions

Figure 1- Effects of Cardiac Pathology on ER Stress and the Unfolded Protein
Response in Cardiac Myocytes: Shown is a diagram of the rough ER with attached
ribosomes translating mRNAs that encode ER luminal proteins. Conditions that impair
the folding of nascent ER proteins, which include ischemia, ischemia/reperfusion and
hypertrophy can result in ER stress (A). Under non-stressed conditions, the ER-luminal
chaperone, glucose-regulated protein 78 kDa (GRP78) associates with the luminal
domains of the 3 proximal effectors of ER stress, PERK (B), IRE-1 (C) and ATF6 (D).
Upon ER stress, GRP78 relocates from the luminal domains of these proteins to
misfolded proteins and either facilitates their folding, or escorts them to the degradation
machinery (E). The disassociation of GRP78 from PERK, IRE-1, as well as the binding
of misfolded proteins to IRE-1 and, possibly to PERK, allows their oligomerization, which
fosters trans-phosphorylation and activation of these effectors. In the case of ATF6,
dissociation of GRP78 and the association of escorts, such as thrombospondin 4,
facilitate the movement of ATF6 to the Golgi, where it is cleaved by site 1 and site 2
proteases that reside in the Golgi. The resulting N-terminal fragment is liberated from
the Golgi, translocates to the nucleus, and binds to ER stress response elements in ER
stress response (ERSR) genes, and regulates their transcription (D). Activated PERK
(B) phosphorylates elF2a, which fosters transient global translational repression and the
translation of the ATF4 mRNA from an alternate start site to generate active ATF4 using
an alternate open reading frame (ORF). While PERK appears to be cardioprotective,
the ATF4-mediated induction of CHOP is pro-apoptotic in the heart (F). Activated IRE-1
splices the unspliced form of XBP1 mRNA (XBP1u mRNA) to generate a splice variant
form (XBP1s mRNA) that encodes the active transcription factor, XBP 15 (C). Like ATF®6,
XBP1s and ATFG6 translocate to the nucleus, and bind to various types of regulator
elements in ERSRs to regulate their expression. One important group of XBP1 genes in
the heart are those that increase cytosolic protein O-GlcNAcylation, which is
cardioprotective (G). Depending on whether ER stress and UPR gene induction is acute
or chronic, as with other tissues, in the heart the results are either adaptive (acute),
oriented toward resolution of ER stress and cell survival (G,H), or maladaptive (chronic),
activating death pathways (F).

Figure 2- Sarco/endoplasmic Reticulum Network in a Cardiac Myocyte: Shown is a
diagram of a cardiac myocyte depicting the relationships between the sarcoplasmic
reticulum (SR) involved in contractile calcium handling (A), the perinuclear ER involved
in secreted and membrane protein synthesis (B), the SR that may be involved in
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secreted and membrane protein synthesis (C), the perinuclear ER involved in nuclear
calcium signaling (D) and the perinuclear ER involved in local cytosolic calcium signaling
(E). Also shown are the actin and myosin myofilaments that comprise the contractile
apparatus of cardiac myocytes.

Figure 3- Growth of the Left Ventricle during Pre- and Post-natal Development:
Cross sections of the mammalian left ventricle (LV) of the heart are shown
diagrammatically, with the relative size depicting the changes in LV mass at different
stages of development in the newborn (A) or the adult (B). The red areas are
representations of the myocardium. The relative sizes of the arrows and blood represent
the relative amounts of blood pumped, or ejected by the LV at different stages of
development. The cardiac myocyte diagrams below each LV represent the relative
changes in number and size during development. Since increases in LV muscle mass
by hyperplasic or hypertrophic growth require increases in protein-folding machinery,
and since there is not ER stress or cell death associated with LV myocyte growth during
pre- and post-natal development, endoplasmic reticulum-protein quality control (ER-
PQC) and unfolded protein response (UPR) machinery are sufficient to support
myocardial growth.

Figure 4- Growth of the Left Ventricle during Exercise and Pregnancy: Cross
sections of the LV and cardiomyocytes are depicted, as in Figure 3. During exercise and
pregnancy the LV grows adaptively by concentric hypertrophy of each cardiomyocyte,
i.e. increased diameter but not increased length, while the number of myocytes remains
unchanged. Since this growth is adaptive, and is not associated with ER stress or
myocyte death, the ER-PQC and UPR are sufficient to support the growth.

Figure 5- Effect of Ischemia, Myocardia infarction, Mutations, Drugs and
Pathogens on Cardiac Contractility: (A) Myocardial infarction (MI) results in
irreparable damage to the myocardium, which decreases LV contractility. Ischemic
cardiomyocytes that eventually die from ischemia have insufficient ER-PQC and UPR
machinery. (B) Mutations, drugs, mostly anti-neoplastic agents, and pathogens, such as
viruses, also impair cardiomyocyte contractility. These insults are associated with an
insufficient ER-PQC and UPR, leading to maladaptive ER stress, which contributes to
myocyte dropout by apoptosis.

Figure 6- Development of Cardiomyopathy in the Diseased Heart: Ischemia, M,
mutations, drugs and pathogens often lead to (A) hypertrophic cardiomyopathy (HCM), a
condition in which each LV myocyte grows concentrically, i.e. increased diameter. This
hypertrophic growth of the LV does not lead to increased pump function, and in many
cases LV pump function is decreased, as the LV wall growth is so extensive that the
chamber size is decreased. This hypertrophy is considered pathological because it
usually leads to further remodeling and deterioration of LV structure and LV dysfunction
in the late stage of pathology, associated with cardiomyocyte apoptosis, as well as an
eccentric growth of remaining cardiomyocyte, i.e. increased length, which does not
enhance cardiomyocyte contractility. This results in a dilation of the LV so chamber size
increases, but since LV muscle mass is decreased, the ability of the LV to pump blood is
severely impaired, leading to dilated hypertrophic cardiomyopathy (DCM) and eventually
to heart failure (B). In the early stage of the disease, the ER-PQC and UPR are
sufficient to handle cardiomyocyte growth; however, in the late stage of the disease,
maladaptive ER stress ensues, and the ER-PQC and UPR are not sufficient to maintain
LV structure and function.
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